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Abstract

This thesis addresses two main ESD challenges which lie ahead. First, FinFET
technology has a limited available silicon volume to dissipate the ESD current.
Therefore, a detailed ESD analysis on FinFET devices is required. Secondly,
as technology downscaling allows RF applications operating at higher RF
frequencies and wider bandwidths, to be implemented in CMOS, adequate
ESD protection needs to be developed without compromising RF performance.
Moreover, these enabling technologies simultaneously become more susceptile
to ESD stress due to reduced gate oxide breakdown voltages and device power
handling capabilities.

To be able to investigate these two challenges in more detail, limitations of
the current commercially available ESD measurement equipment need to be
overcome. In this thesis, three enhanced ESD characterization and analysis
techniques have been developed. First, a Multi-level TLP system was developed
enabling the measurement of the true holding voltage as well as the real device
physics under ESD stress. Secondly, as gate oxides become more fragile due
to technology scaling, the transient turn-on response of the ESD protection
devices becomes critical. This turn-on is investigated by a newly developed
method to calibrate and analyze the TLP voltage and current waveforms. We
have developed a fast, powerful method referred to as HBM-IV, where during
an HBM stress pulse, besides the similar quasi-static information as from TLP,
also the transient turn-on information is obtained. HBM-IV on a high voltage
example shows that under HBM stress, voltage and current overshoots can
occur which cannot be reproduced by TLP pulses.

ESD analysis has been performed on ESD protection structures, implemented
in SOI FinFET technology. It is found that a new normalization methodology
is needed for correct interpretation of the ESD results. Complex dependencies
of the different ESD performance parameters on both device geometry and
process technology are found. Non-uniform failure exists for grounded gate
NMOS devices at high current levels which can be improved by increasing gate
length and various ballasting techniques. Narrow fin devices have improved
cooling properties but suffer from reduced area efficiency. Well doping, selective



epitaxial growth, strain and silicide blocking can improve the ESD performance.
From RF point of view, the large overhead capacitance of the narrow fin devices
degrades the RF figure of merit with respect to the wide fin devices, making
wide fin devices the preferred choice. To be able to cope with this complex set
of dependencies, a design methodology is developed which allows optimization
towards a given ESD target while taking these dependencies into account. As
such, efficient ESD protection can be designed in FinFET technology, achieving
product level HBM levels.

Classical low-capacitive RF-ESD solutions become worse when RF frequen-
cies increase resulting in either degraded RF or ESD performance. Further,
CDM protection needs more attention due to its fast rising, high current
pulses, travelling along unknown current paths, causing voltage overshoots
and turn-on of parasitic current paths. We propose inductive ESD protection
as narrowband RF-ESD solution due to its high ESD robustness, low RF
impact and large frequency scaling potential. It can be either implemented
as a “plug-and-play” inductor to ground, or using an RF-ESD co-designed
transformer. CDM robustness is predicted by means of on-wafer VFTLP
measurements, allowing identification of possible weak spots at an early design
stage. High-quality inductors in combination with voltage clamping diodes can
provide very high VFTLP robustness. The future scaling possibilities of the
inductor to ground approach are demonstrated in 45 nm planar and FinFET
CMOS technologies, up to RF frequencies of 60 GHz. At these frequencies, less
ESD signal couples into the RF circuit and due to the decreased inductance
of the inductor to ground, less voltage overshoot is present. Therefore, with
increasing frequency, the inductor to ground methodology becomes better in
terms of RF performance, ESD performance and area consumption, yielding
world-record results.

Two-novel wideband RF-ESD protection solutions are proposed with the
potential of providing high ESD protection levels at very large bandwidths.
First, the “T-diode”-concept uses a transformer to tune out the parasitic
capacitance of the ESD protection devices over a wide frequency band. Input
matching is maintained from DC to 16.1 GHz, in a 90 m digital CMOS
technology. Local clamping and additional turn-off circuitry to prevent failure
of parasitic current paths inside the RF core circuit, further increase the ESD
robustness level. Secondly, a novel distributed ESD concept (Center Balanced
Distributed ESD) is developed, specifically for distributed amplifier circuits.
A 1-110 GHz distributed amplifier in 45 nm CMOS is protected using this
methodology, yielding excellent ESD robustness.

In conclusion, ESD is not a showstopper for the introduction of FinFET tech-
nology. Further, efficient ESD solutions can be implemented for narrow- and
wideband RF circuits which exhibit both excellent RF and ESD performance.
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Nederlandstalige
Samenvatting

ESD Bescherming voor
Meervoudige Gate Veld Effect Structuren
en voor RF CMOS Circuits

Inleiding

Twee grote uitdagingen liggen in het verschiet voor de ESD ontwerpingenieur.
Is ESD enerzijds een spelbreker voor de introductie van FinFET technologie
door het geringe silicium volume van de structuren? Is anderzijds een goede
ESD bescherming compatibel met de strenge vereisten voor RF circuits met
steeds hoger wordende RF frequenties? Voor deze laatste uitdaging zijn zowel
oplossingen nodig voor smalbandige als breedbandige RF toepassingen. Ook
moet er meer aandacht besteed worden aan CDM bescherming ten opzichte
van HBM, omdat dit type ESD stress meer kritisch is en er moeilijker tegen te
beschermen valt. Om deze twee uitdagingen goed aan te kunnen gaan, moeten
eerst de beperkingen van de huidige meetsystemen worden weggewerkt.

ESD Karakterisatie en Analyze Technieken

In deze thesis werden er drie nieuwe ESD karakterisatie en analyze technieken
ontworpen die de bestaande technieken en meetsystemen verder uitbreiden.
Eerst hebben we een Multi-Level Transmissie Lijn Puls (MTLP) meetsysteem
ontworpen. Vervolgens hebben we een transient analyze uitgevoerd op ESD pro-
tectiestructuren door gebruik te maken van de spannings- en stroomgolfvormen
verkregen tijdens een klassieke TLP meting. Als laatste hebben we een Human
Body Model-IV (HBM-1IV) curve verkregen door de transient spannings- en
stroomgolfvormen van een HBM meting te combineren.

Door MTLP te gebruiken kan een TLP-IV curve gegenereerd worden die niet
beperkt is door de impedantie van het meetsysteem, typisch 50 €. Eerst
wordt de te onderzoeken structuur aangeschakeld door een puls aan te leggen
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Figuur 0.1: Resulterende spannings en stroom golfvormen tijdens een MTLP
meting op een open belasting.
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Figuur 0.2: Ruwe en gekalibreerde spannings golfvorm voor een ggNMOS
transistor in een 90 nm CMOS technologie tijdens een 500 mA TLP stroom
puls.

met voldoende grote amplitude. Na het aanschakelen wordt de amplitude
van de puls verlaagd zonder deze af te schakelen, zodat de structuur vanuit
aangeschakelde toestand naar een toestand met lage stroom wordt gebracht en
bijgevolg niet beperkt is door de systeemimpedantie. Een voorbeeld van een
resulterende spannings en stroom golfvorm tijdens dergelijke MTLP meting op
een open belasting wordt getoond in Fig. 0.1

Uit de spannings- en stroomgolfvormen die verkregen worden tijdens een TLP
meting kan naast de quasi-statische TLP-IV curve ook informatie verkregen
worden over het transient schakelgedrag van de structuur door het tijdsgedrag
van de golfvormen te analyzeren. Het is hiervoor belangrijk dat de oscilloscoop
zodanig ingesteld is dat de volledige golfvormen opgemeten kunnen worden
zonder tegen de limieten van het instelbereik van de oscilloscoop aan te lopen.
Verder is het noodzakelijk om de parasitaire elementen van het meetsysteem
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Figuur 0.3: HBM-IV curve gegenereerd uit spannings en stroom golfvormen
van een VDMOS SCR structuur, voor 1000 V en 4000 V HBM stress niveau’s.
Punt A toont een spanningspiek aan, punt B een stroompiek en punt C toont
het verwachte stroomniveau gebaseerd op de HBM spanning.

op te meten en een nauwkeurige kalibratie uit te voeren om de invloed ervan
te verwijderen. Op die manier wordt het transient schakelgedrag van de te
onderzoeken structuur bekomen. Een voorbeeld hiervan wordt getoond op een
ggNMOS transistor in Fig. [0.2) waar een spanningspiek opgemeten wordt zonder
kalibratie en die volledig verdwenen is na de kalibratie. Er treedt bijgevolg bij
het aanschakelen van dergelijke ggNMOS transistor geen spanningspiek op.

Vanuit de opgemeten spannings en stroom golfvormen tijdens een HBM meting
op een ESD structuur kan een HBM-IV curve gegenereerd worden door elimi-
natie van de tijd. Naast dezelfde quasi-statische parameters die ook met TLP
bekomen worden, kunnen nog een aantal bijzondere effecten opgemeten worden
die ontstaan uit de interactie tussen de structuur en de HBM tester. Deze
effecten zijn uniek voor de HBM meting en kunnen niet met TLP bekomen
worden. Het is ook belangrijk om op te merken dat de impedantie van de
HBM tester, met name 1.5 k€2, een grote rol speelt in deze interactie. Bijgevolg
zullen 50 2 implementaties van een HBM tester tot foutieve resultaten leiden.
Een voorbeeld van een 1000 V en 4000 V HBM-IV curve voor een VDMOS
SCR structuur wordt getoond in Fig. Er is duidelijk een spanningspiek
zichtbaar bovenop de quasi-statische TLP trigger spanning V'¢1, en een stroom-
piek bovenop het verwachte stroomniveau gebaseerd op de HBM spanning.
Deze spannings- en stroompieken kunnen aan de basis liggen voor miscorrelatie
tussen HBM en TLP resultaten.

ESD Bescherming in FinFET Technologie

Volgens de Internationale Technologie Roadmap voor Halfgeleiders (ITRS)
2007, zal de fysieke gate lengte van een transistor 9 nm bereiken in 2016.
Het gebruik van bulk CMOS zal dan beperkt worden door een aantal korte-
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Figuur 0.4: Vereenvoudigd horizontaal zicht (links) en vertikale doorsnede

volgens de snede A-A’ (rechts) van een FinFET structuur met aanduiding van
de belangrijkste geometrische parameters (niet op schaal).

kanaaleffecten, die gepaard gaan met transistor schaling. Om deze barriere te
overwinnen, worden er nieuwe structuren ontwikkeld, waarbij de meervoudige
gate structuren de meest veelbelovende resultaten geven. Een FinFET is
een dergelijke meervoudige gate structuur met heel goede controle over de
korte-kanaaleffecten en waarvan de processing compatibel is met standaard
CMOS processing. Fig. toont een horizontaal bovenaanzicht (links) en
een vertikale doorsnede (rechts) van een FinFET structuur, met aanduiding
van de belangrijkste geometrische parameters. De structuur is opgebouwd uit
parallelle silicium ’vinnen’ (’fins’) waarvan het kanaal aan de zijkanten en de
bovenkant gecontroleerd wordt door de gate.

Fig. toont een set van TLP metingen op een N-type FinFET in bipolaire
mode voor zowel structuren met smalle als met brede fins. Door de SOI-
technologie is de basis van de bipolaire structuur vlottend, zodat er geen
typische ’snapback’ karakteristiek in de TLP-IV curve waargenomen wordt. De
structuren gaan zonder spanningsterugval over naar de bipolaire werkingsmodus
wanneer hun houdspanning V}, bereikt wordt. De faalstroom Ity is sterk
afhankelijk van de verschillende geometrische parameters.

In Fig. wordt Ity getoond als functie van gate lengte (links) en fin breedte
(rechts). Voor N-type structuren met smalle fins is er een verbetering merk-
baar in Ity bij grotere gate lengte door een meer uniforme faling tussen de
verschillende fins. Deze verbetering is zichtbaar voor de twee gebruikte norma-
lizaties. De intrinsieke performantie wordt geanalyzeerd door te normalizeren
ten opzichte van W;,,- die de effectieve silicium breedte aanduidt, en de lay-
out efficiéntie ten opzichte van W,y 0. die de totaal gebruikte layout breedte
weergeeft. Wanneer de gate lengte echter te groot wordt, wordt het gedis-
sipeerde vermogen te groot, zodat Its terug daalt. Voor brede fin structuren
is er geen afhankelijkheid van Ito ten opzichte van de gate lengte.

Wanneer de afhankelijkheid van It5 ten opzichte van Wy;, bekeken wordt in
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schillende gate lengtes voor zowel smalle (400 fins van 30 nm Wy;,,) als brede
(enkelvoudige 40 pm) structuren.
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Figuur 0.6: Genormalizeerde faalstroom It als functie van de gate lengte
voor smalle en brede fin N-type FInFET structuren in bipolaire mode (links).
Genormalizeerde [ts als functie van de fin breedte voor FinFET structuren
met 75 nm gate lengte in bipolaire mode (rechts).

Fig. (rechts), is er een duidelijk verschillende trend merkbaar afthankelijk
van welke normalizatie gehanteerd wordt. Zowel voor NMOS als PMOS
structuren stijgt de intrinsieke I3 wanneer de fin breedte Wy;, vermindert.
Deze verbetering is te verklaren door een betere koeling van smalle fins, in
vergelijking met brede fins. Aan de andere kant verslechtert de layout efficientie
van Ity bij smallere Wy;,, doordat de fin-spacing S overhead een steeds groter
deel van de layout oppervlakte in beslag neemt (Fig. [0.4]).

Selective Epitaxial Growth (SEG) is standaard nodig om de toegangsweerstand
van de FinFET transistoren te verminderen. Door hiervan gebruik te maken
wordt het siliciumvolume van de source en drain landing pads vergroot, alsook
het volume van het gedeelte van de fins tussen de landing pads en de gate, zie
Fig.[0.4 Dit resulteert in ongeveer een verdubbeling van Its, die gepaard gaat
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Figuur 0.7: TLP-IV curves van N-type FinFET structuren in bipolaire mode
als functie van gate lengte voor wafers geprocessed met en zonder SEG. De
structuren hebben een fin breedte van 25 nm en 225 fins in parallel.

met een drastische vermindering van de aan-weerstand R,,, zoals te zien is
in de TLP-IV curves van NMOS FinFET transistoren in bipolaire mode in

Fig. 0.7

Ook het gebruik van stress om de mobiliteit van de transistoren te verbeteren
heeft een meetbare invloed op het ESD gedrag van de FinFET transistoren. In
Fig. worden de HBM spanningsgolven vlak voor en na faling weergegeven
voor transistoren in bipolaire mode zonder stress (links) en met stress (rechts).
Zonder stress is er bij faling eerst een oscillatie meetbaar op de spannings-
golfvorm, todat deze divergeert naar een hoog-resistieve ’open’ conditie. Deze
spanningsoscillaties duiden op een hoge instabiliteit rond het falingsstroom-
niveau. Bij faling van een groepje fins zal eerst de spanning dalen doordat
er lokaal een kortsluiting tussen source en drain gevormd wordt. Omdat het
aantal fins bij faling eerder beperkt is, zal de hoge stroom die vervolgens
door deze kortgesloten fins vloeit, deze fins opblazen, zodat ze ’open’ wor-
den. Hierdoor zal de spanning terug stijgen. Vervolgens faalt het volgende
groepje fins (oscillaties), totdat uiteindelijk alle fins 'open’ zijn. Bij het gebruik
van stress faalt de structuur op een hoger HBM stress niveau, en ook het
falingsmechanisme is anders. Bij faling daalt de spanning tot een 'kortsluiting’
doordat er meer fins tegelijkertijd falen.

Door de complexe afhankelijkheid van de verschillende ESD performantie
parameters (lekstroom, houdspanning, aan-weerstand en faalstroom) van de
geometrische en process parameters is het nodig om gebruik te maken van een
ontwerpmethodologie om een optimale ESD oplossing te bekomen die rekening
houdt met de verschillende randvoorwaarden. Deze ontwerpmethodologie
gebruikt de geéxtraheerde ESD performantie parameters uit de beschikbare
meetdata als input. Door middel van lineaire interpolatie kunnen de ESD
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Figuur 0.8: HBM-spanningsgolfvorm voor en tijdens faling van een FinFET
structuur zonder stress (links) en met stress (rechts) in bipolaire mode met
75 nm gate lengte. Wanneer de structuur zonder stress faalt, groeit eerst de
oscillatie op de spanningsgolfvorm totdat ze divergeert naar een hoog-resisitieve
‘open’ conditie (links). Wanneer de structuur met stress faalt daalt de spanning
naar een 'kortsluiting’ (rechts).
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Figuur 0.9: Percentage van vergrootte oppervlakte vergeleken met de optimale
oplossing (punt) dat voldoet aan de opgelegde ontwerp limieten van 1 kV HBM,
4V Vipae en zeer goede controle over de korte-kanaaleffecten (SCC>1.4) in
bipolaire mode (links). Afhankelijkheid van de optimale Ly en Wy;, als functie
van Vy,e, (rechts).

performantie parameters bepaald worden voor de verschillende geometrische
en process parameters. Op basis van een wiskundige algoritme kan de optimale
oplossing vervolgens bepaald worden. Fig. toont links de ideale gate lengte
en fin breedte combinatie (aangeduid door het punt) om een ESD specificatie
van 1 kV HBM en maximaal 4 V spanningsval te halen met de kleinst mogelijke
layout. De ideale oplossing is dus niet een structuur met hele smalle of hele
brede fins, maar ergens tussenin. Wanneer van dit optimum afgeweken wordt
vergroot de benodigde layoutoppervlakte om aan de randvoorwaarden te
voldoen heel snel, waarmee het nut van de ontwerpmethodologie bewezen
wordt. Verder zorgt deze ontwerpmethodologie ook voor een dieper inzicht.
Wanneer bijvoorbeeld voor een 1 kV HBM specificatie de maximale toegelaten
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Figuur 0.10: Basis van on-chip ESD bescherming. Het circuit is een lage ruis
versterker (LNA) die gebruikt wordt als demonstrator. ESD1-3 zijn de ESD
beschermingsstructuren.

spanning verminderd wordt van 4.5 tot 2.7 V, kan men in Fig. (rechts)
verschillende zones onderscheiden hoe de optimale gate lengte en fin breedte
zich moeten gedragen om tot het optimum te komen.

Al deze resultaten tonen aan dat de ESD gevoeligheid van FinFET struc-
turen geen spelbreker is voor de introductie van FinFETSs voor geavanceerde
nanotechnologieén, zolang ESD reeds beschouwd wordt tijdens de techno-
logieontwikkeling. Maar zelfs met deze kennis blijft het ontwerp van ESD
bescherming voor FinFET technologie een uitdaging.

ESD Bescherming voor Smalbandige RF CMOS Circuits

In een RF front-end, is de lage ruis versterker (LNA) één van de kritische
elementen. Doordat hij via een antenne met de buitenwereld verbonden is,
heeft de LNA ESD bescherming nodig. Deze ESD bescherming moet zodanig
ontworpen worden dat de RF performantie van de LNA zo weinig mogelijk
beinvloed wordt. Een generieke ESD protectie wordt getoond in Fig. [0.10
Elementen ESD1 en ESD2 zorgen ervoor dat de ESD stroom van de RF input
afgeleid wordt naar de voeding en grond. ESD3 zorgt voor ESD bescherming
tussen voeding en grond.

Om zo weinig mogelijk impact te hebben op de RF performantie van de
LNA wordt traditioneel de capaciteit van de elementen ESD1 en ESD2 zo
laag mogelijk gehouden. Een lagere capaciteit betekent echter kleinere ESD
elementen en dus ook lagere ESD performantie. Het equivalente schema van een
capacitieve ESD beschermingsstructuur wordt getoond in Fig. (links). Bij
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Figuur 0.11: Equivalent schema van capacitieve (links) ESD beschermingsstruc-
turen, zoals diodes of grounded gate NMOS, en inductieve (rechts) ESD
beschermingsstructuren.

stijgende RF frequentie zal de impedantie volgens verminderen, waardoor
de maximale toegestane capaciteit en dus grootte van de ESD structuur
omwille van de RF specificaties van de LNA ook vermindert. Capacitieve ESD
bescherming wordt dus moeilijker en moeilijker naarmate de RF frequentie
hoger wordt, en uiteindelijk zelfs onbruikbaar.

1

|Zgsp| = |Rs,psp + —————
JwrrCESD

1
= \/RE,ESD t o (1)

2 2
wirrChsp

Men kan ook gebruik maken van inductieve ESD bescherming zoals getoond in
Fig. (rechts). De impedantie hiervan verhoogt met stijgende RF frequentie
volgens , zodat deze oplossing beter wordt naarmate de frequentie hoger
wordt. De spoel naar grond wordt toegevoegd als 'plug-and-play’, dus zonder
het oorspronkelijke RF ontwerp te wijzigen.

|Zgsp| = |Rs,psp + jwrrLEsp| = \/RE,ESD +whrLlisp (2)

Om de limieten van capacitieve en het potentieel van inductieve ESD bescherming
aan te tonen wordt een identieke 5 GHz LNA in een 90 nm CMOS technologie
gebruikt als demonstrator. Het schema van de LNA met de inductieve ESD
bescherming Lpsp wordt getoond in Fig. [0.12] De ontkoppelcapaciteit Ce:
is nodig in combinatie met Lggp om de transistor M; van instelspanning te
kunnen voorzien. Door toevoegen van de klassieke dual diode bescherming of
van de inductieve ESD bescherming worden de RF specificaties van de LNA
gehaald. Er is echter een groot verschil in ESD performantie.
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Figuur 0.12: Het schema van de lage ruis versterker met een spoel naar grond
als ESD bescherming. Rechthoek A duidt de standaard ESD bescherming aan
en B de extra ESD bescherming.

De LNA met dual diode ESD bescherming faalt bij 500 V HBM stress tussen
RFrN en Vgg omdat de maximale toegelaten spanning over het gate oxide van
transistor M7 overschreden wordt. Door een spoel als ESD bescherming te
gebruiken kan de ESD stroom in deze stress combinatie meteen van RF7y naar
Vsg gaan, zonder over de powerclamp Mggp te hoeven gaan. Echter, wanneer
deze ESD stroom door Lgsp gaat, wordt er een overspanning opgebouwd, die
via de ontkoppelcapaciteit Cc op de gate van M; gekoppeld wordt. Hierdoor
kan de LNA beschermd worden tot 2.5 kV HBM. Door gebruik te maken
van extra kleine diodes aan de gate van M;, Box B in Fig. wordt deze
overspanning beperkt, en stijgt het HBM beschermingsniveau tot 5.5 kV met
slechts minimale RF impact. Het HBM niveau kan verder nog verhoogd worden
door gebruik te maken van Above-IC spoelen. Door hun hogere kwaliteitsfactor
vermindert de overspanning en stijgt het HBM niveau tot 6 en >8 kV zonder
en met extra diodes respectievelijk.

Omwille van de overspanningen die gegenereerd worden wanneer stroom door
een spoel vloeit, is het nodig om naast HBM ook de CDM performantie van de
inductieve ESD bescherming te bestuderen. Dit gebeurt aan de hand van on-
chip VFTLP metingen tussen de verschillende mogelijke pin-combinaties. Zo
kunnen zwakke ESD paden opgespoord en gecorrigeerd worden. Een overzicht
van de VETLP resultaten tussen RF7y en Vgg wordt gegeven in Tabel [0.1]
De extra diodes verhogen de VETLP performantie, net zoals bij HBM, terwijl
gebruik van Above-IC zorgt voor ongeveer een verdubbeling van de VFTLP
sterkte.
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Tabel 0.1: Samenvatting van VETLP meetresultaten (200 ps stijgtijd en 3 ns
pulsbreedte).

VFTLP RFin+ Vss- | Normal BEOL | Above-1C
No clamping diodes 0.9 A 1.7 A
With clamping diodes 1.3 A 2.7 A

Tabel 0.2: Samenvatting van ESD meetresultaten van de 60 GHz LNA.

RFin+ Vss- | Vop+RFIN-
HBM [kV] >8 kV 6.3 kV
VFTLP [A] >10.6 A 7.3 A

Inductieve ESD bescherming is niet athankelijk van de front-end, maar wordt
voornamelijk bepaald door de back-end kwaliteit, die eerder constant blijft bij
technologieschaling. Daarom wordt een even goed HBM beschermingsniveau,
namelijk >5 kV, verkregen voor een 5 GHz LNA met inductieve bescherming,
geimplementeerd in zowel een 45 nm planaire als een 45 nm FinFET tech-
nologie. Bij gebruik van de klassieke dual-diode ESD bescherming zakt de
ESD performantie van 2.5 kV voor de planaire technologie tot 850 V voor de
FinFET technologie door de vermindering in sterkte van de ESD diodes.

Door het verhogen van de RF frequentie kunnen spoelen met lagere inductantie
gebruikt worden met minder wikkelingen, waardoor de benodigde oppervlakte
verkleint alsook de serieweerstand. Doordat zowel de LdI/dt als de R = I
component van de overspanning verminderen, verbeteren zowel de HBM als
de CDM performantie. Wanneer de RF frequentie hoog genoeg is, kan de
spoel geimplementeerd worden als een simpele A/4 microstriplijn die de RF
ingang kortsluit naar de grond. Een voorbeeld hiervan wordt getoond in
Fig. voor een 60 GHz LNA. Extreem goede ESD resultaten, zowel HBM
als VFTLP, kunnen bereikt worden. Een samenvatting van de meetresultaten
wordt gegeven in Tabel

Door gebruik te maken van inductieve ESD bescherming en deze verder te
optimalizeren met extra diodes en een Above-IC back-end, kan een zeer hoge
ESD bescherming verkregen worden voor RF circuits met hoge werkingsfre-
quentie en geimplementeerd in de meest geavanceerde CMOS technologieén.
Het behaalde HBM resultaat als functie van de RF frequentie van onze circuits
wordt vergeleken met de literatuur in Fig. Het is duidelijk dat inductieve
ESD bescherming de beste RF-ESD resultaten behaalt.

Tot 5 GHz kunnen de klassieke dual diodes gebruikt worden voor RF-ESD
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Figuur 0.13: Micrograph van een 60 GHz LNA met \/4 microstriplijn als ESD
bescherming.
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Figuur 0.14: Vergelijking van ons werk (volle symbolen) met andere gepubli-
ceerde smalband CMOS LNA resultaten (open symbolen). De HBM perfor-
mantie [kV] is geplot als functie van RF frequentie [GHz].

bescherming. Wanneer men deze wil blijven gebruiken boven 5 GHz moet men
de parasitaire capaciteit mee in het RF ontwerp opnemen, de zogenaamde
co-design aanpak, evenwel met een beperkte ESD bescherming als resultaat.
Vanaf 5 GHz kan inductieve ESD bescherming gebruikt worden. Om geen
extra oppervlakte te gebruiken voor de ESD beschermingsspoel, kan deze
onder een RF matching spoel geschoven worden, waardoor een transformator
gemaakt wordt. Deze aanpak vereist een complexer RF ontwerp. Naarmate
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Figuur 0.15: Smalbandige RF-ESD beschermingsmethodologie als functie van
applicatie frequentie.

de RF frequentie hoger wordt, wordt de benodigde oppervlakte van de ESD
beschermingsspoel kleiner, zodat de eenvoudige spoel-naar-grond methode te
verkiezen valt boven de transformator. Bij nog hogere RF frequenties kan
het wenselijk zijn om de ESD spoel in het RF ontwerp op te nemen om zo
bijvoorbeeld de extra bondpadcapaciteit weg te tunen. Een overzicht van
de RF-ESD beschermingsmethodologie als functie van RF frequentie wordt

weergegeven in Fig.
ESD Bescherming voor Breedbandige RF CMOS Circuits

Breedband RF circuits worden meer en meer geimplementeerd in CMOS,
en daarom is er een nood voor gepaste ESD bescherming voor deze circuits.
Smalbandige ESD oplossingen, zoals beschreven in de vorige sectie, kunnen niet
gebruikt worden omdat ze slechts werken in een smalle band rond een bepaalde
frequentie. De bestaande breedband RF-ESD oplossingen zijn beperkt in RF
performantie, vermogenverbruik, ESD performantie of gebruiken te veel silicium
oppervlakte. Daarom worden in dit hoofdstuk twee nieuwe breedbandige RF-
ESD oplossingen gepresenteerd.

De capacitieve belasting van een klassieke dual diode ESD oplossing zorgt
ervoor dat deze methode slechts beperkt gebruikt kan worden bij hogere RF
frequenties, zoals besproken in de vorige sectie. Door gebruik te maken van een
transformator rond de ESD diodes, kan hun parasitaire capaciteit onzichtbaar
gemaakt worden over een hele brede frequentieband, de zogenaamde T-diode
oplossing. Op deze manier wordt een artificiéle transmissielijn gemaakt die
zowel een ingangs- als een uitgangsimpedantie van 50 2 heeft. Omdat op
deze manier redelijk grote capaciteiten kunnen weggetuned worden, kunnen we
zelfs gebruik maken van ’lokale clamping’ aan de RF ingang, zoals getoond in
Fig. Diodes Dq en D5 vormen de klassieke dual diode oplossing, terwijl
diodes Ds-Dj5 ervoor zorgen dat de ESD stroom lokaal aan de RF-ingang kan
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Figuur 0.16: Schema van ESD beschermde wideband RF LNA met T-diode en
lokale clamping.
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Figuur 0.17: Gemeten versterking Sz; (links) en input matching S11 (rechts)
van: onbeschermde LNA, LNA met dual-diode en lokale clamp ESD
bescherming, en T-diode ESD bescherming met lokale clamp.

wegvloeien, zonder over de power clamp te moeten gaan. Het aantal diodes in
serie van de lokale clamping hangt af van de benodige instelspanning voor de
LNA. Ly, Ly en Cp, Fig. vormen samen met de ESD diodes de T-diode.
Op deze manier wordt een DC-tot-16.1 GHz breedband LNA, geimplementeerd
in 90 nm digitale CMOS, beschermd tegen ESD.

Wanneer men deze dual diode met lokale clamping gebruikt zonder de T-diode,
degradeert de input matching bandbreedte met 3 GHz, ten opzichte van het
onbeschermde circuit volgens Fig. [0.17| (rechts). Door gebruik te maken van de
T-diode als ESD bescherming verbetert de input matching van de breedband
LNA zelfs van 14.5 GHz voor de onbeschermde LNA tot 20.1 GHz, Fig.
(rechts), terwijl de versterking nagenoeg ongewijzigd blijft, Fig. [0.17| (links).
De HBM performantie verbetert van 1.5 kV zonder lokale clamping tot 4 kV
met lokale clamping voor stress tussen Vpp en RE7n.

Bij bepaalde pin combinaties kan tijdens ESD stress een parasitair stroompad
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Figuur 0.18: LNA topologie met ESD afschakelcircuit.

gevormd worden door de LNA kern, bijvoorbeeld door de feedback transistor
Mo of de cascode transitoren My, en M5, Fig. Een elegante methode
bestaat erin deze parasitaire paden uit te schakelen tijdens ESD door middel
van een ESD afschakelcircuit, Fig. [0.18 De RC-timer Rpo en Cro zorgen
ervoor dat beide parasitaire stroompaden afgeschakeld zijn tijdens ESD stress.
Deze methode kan eenvoudig geimplementeerd worden en neemt geen extra
plaats in, omdat in een RF circuit typisch heel veel ontkoppelcapaciteiten
aanwezig zijn die gebruikt kunnen worden als Cro.

Voor stress tussen Vpp en RFyy, vormt de feedbackweerstand Ry, de zwakke
schakel. Zelfs met lokale clamping vemindert de HBM performantie van 4 kV
tot 2.25 kV door toevoeging van Rp,. De HBM sterkte wordt terug hersteld
tot 4 kV door gebruik te maken van het extra afschakelcircuit. Een overzicht
van de ESD resultaten wordt weergegeven in Tabel Deze afschakelmethode
is een algemene ESD beschermingstechniek die niet beperkt wordt tot het
gebruik voor breedband RF circuits.

Een tweede breedband RF oplossing is een optimalisatie van de gedistribueerde
ESD bescherming die typisch gebruikt wordt bij gedistribueerde versterkers
(Distributed Amplifier DA). Bij dergelijke ESD bescherming worden er ESD
componenten voorzien aan iedere versterkingstrap. Het geheel van de verschil-
lende ESD componenten moet een voldoende ESD bescherming geven. Wanneer
de ESD elementen in de verschillende trappen even groot genomen worden
(Equally Sized Distributed ESD ES-DESD), kunnen de versterkingstrappen
identiek ontworpen worden, maar de ESD efficiéntie vermindert bij iedere
trap. Een optimalizatie hiervan maakt de ESD elementen in de eerste trap het
grootste en verkleint deze bij iedere volgende trap. Een voordeel hiervan is
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Tabel 0.3: Samenvatting van on-wafer HBM meetresultaten [kV].

Rpa Local Turn-off | Turn-off | Turn-off | HBM [kV] | HBM [kV]
clamping | 500 ns 200 ns 20 ns Vop+RFiN- | Vbp+ Vss-
- - - - - 1.5 3
_ X N _ Z 4 _
X X - - - 2.25/2.4 4.75
X X X - - 4 7
- - X - - 3.75 6.5
- - - X - 3.75 -
- - - - X 3.75 -
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Figuur 0.19: Schema van de gate transmissie lijn van de DA met CB-DESD
bescherming.

een betere algehele ESD efficiéntie, maar hierbij moet iedere versterkingstrap
afzonderlijk ontworpen worden. Om het RF ontwerp zo eenvoudig mogelijk
te houden en toch een betere ESD performantie dan bij ES-DESD te halen
kan men een centraal gebalanceerde gedistribueerde ESD (Center Balanced
Distributed ESD CB-DESD) strategie gebruiken. Hierbij worden de ESD
diodes in de eerste twee versterkingstrappen dubbel zo groot gemaakt en met
twee in serie geplaatst, zoals te zien is in Fig. Op deze manier is de totale
parasitaire capaciteit van de eerste twee trappen ongeveer even groot als in
de laatste drie trappen en kunnen bijgevolg de versterkingstrappen identiek
blijven. Deze oplossing is geimplementeerd voor een 1-110 GHz DA met vijf
trappen, in een 45 nm CMOS technologie met Above-IC back-end.

Omdat de eerste twee trappen twee diodes in serie hebben zal tijdens ESD
stress de derde trap als eerste aangaan. Vervolgens wordt de ESD stroom
verspreid over de vierde en vijfde trap, totdat de spanning aan de eerste trap
hoog genoeg is zodat de twee diodes beginnen geleiden. Op dit moment nemen
dan ook de eerste trap en uiteindelijk de tweede trap deel aan de ESD geleiding,
zodat de ESD stroom over de vijf trappen verdeeld wordt. Doordat de stroom
meer uniform verdeeld wordt over de verschillende trappen wordt een 65 %
hogere faalstroom bekomen bij CB-DESD tijdens TLP metingen tussen RFrn+
en Vpp- vergeleken met ES-DESD, zoals te zien is in Fig. [0.20]
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In Fig.[0-2T] worden deze twee nieuwe breedband RF-ESD oplossingen vergeleken
met de beschikbare oplossingen in literatuur. Met de T-diode en CB-DESD
kan een heel goede ESD bescherming verkregen worden voor hele breedbandige
RF circuits, zelfs geimplementeerd in zeer geavanceerde CMOS technologieén.

Conclusies

ESD is geen spelbreker voor de introductie van FinFET technologie, op voor-
waarde dat een ontwerpmethodologie gebruikt wordt om het delicate layout
optimum en de geschikte process opties te selecteren. Verder kunnen er ESD
oplossingen geimplementeerd worden voor smal- en breedbandige RF circuits
die zowel een uitstekende RF als ESD performantie halen.

xlv






Table of Contents

[Abstract]

|List of Acronyms|

|List of Symbols|

[Publication listl

INederlandstalige Samenvatting]

[I'able of Contents|

[1 Introductionl

M1

Reliability in Advanced CMOS Technologies|. . . . . . . . . ..

T2

Electrostatic Discharge in Micro-Electronics| . . . . . . . . . ..

[1.3  Basic Concepts of ESD Protection| . . . . .. ... ... ....

[[.4Basic ESD Protection Devices . . . . . . . ... ... ... ...

5

ESD Challenges for Technology Scalingl . . .. ... ... ...

.6

ESD Challenges for Radio Frequency CMOS| . . . .. ... ..

[1.7  Objectives of the Thesis| . . . . . . ... ... ... ... ....

L8  Outline of the Thesisl . . . . . . . . . .. .. ... . ... ....

ESD Characterization and Analysis Techniques|

P2

Component-Level ESD Stress Models|. . . . .. ... ... .

2.2.1 Human Body Model (HBM)[. . . . ... ... ... ...
[2.2.2  Machine Model (MM)[ . . . . ... ............
[2.2.3  Charged Device Model (CDM)| . . . .. .. .......

2.3

oystem-Level ESD Stress Models| . . . . .. ... ... ... ..

2.3.1 TFEC61000-4-20 . . ... ... . o
[2.3.2 Human Metal Model (HMM)[ . . . . ... ... .....

R4

Transmission Line Pulse Measurements (TLP)| . . . ... ...

241 Standard 100ns TLPI . . . . ... ... ... ..

[2.4.2  Very Fast TLP (VFTLP)| . .. ... ... ... .....
[2.4.3 Capacitive Coupled TLP (CCTLP)|. . . . ... ... ..

25

Enhanced ESD Characterization and Analysis Techniques| . . .

251 Multi-level TLPI .. .. 0000000 oo
[2.5.2  Transient analysis using TLP| . . . . ... .. ... ...

2.0.9 HBM-IVI. . ... o o oo

26 Conclusions . . ... ... ... ... o oo

vii
ix
xiii
xxviii
xxix
xlvii



rotection in Fin echnology 53

8.1 Introduction|. . . . . . . . . . ... 53
3.2 FinFET Technology| . . . ... ... ... ... ... ...... 54
[3.3  Normalization Methodology| . . . . . . ... ... ... ... .. 55
3.4  Geometrical Dependencies| . . . . . . ... .. ... .. 58
[3.4.1  MOS devices - parasitic bipolar mode] . . . . . ... .. 58
8.42 MOS devices - active MOS-diode model . . . . . .. .. 80
B.4.3 Gateddiodes . ... ... ... .. ... .. 82

[3.5  Benchmarking against Advanced CMOS Technology Nodes| . . 85
3.6 Process Technology Dependencies|. . . . . . ... ... ... .. 88
[3.6.1  Extension implants|. . . . . . ... ... ... ... 88
13.6.2  Fin doping on wide fin devices| . . . ... ... ... .. 89
[3.6.3  Selective Epitaxial Growth| . . . .. .. ... ... ... 91
13.6.4  Silicide Blocking| . . . . . .. ... 000000 95
BEE Strainl - -« v oo e e e e e 96

3.7  Gated Diodes - RF Considerations, Transient Analysis and |
Modeling] . . ... ... 105
B.7.1 RF considerationsl . ... ... ... .. ... ...... 106
[3.7.2  Transient analysis and compact modeling] . . . . . . .. 107

3.8 Design Methodology| . . . . .. .. ... ... ... ....... 117
13.8.1  MOS devices - parasitic bipolar mode] . . . . . ... .. 118
3.8.2 MOS devices - active MOS diode model . . . . . . . .. 125
13.8.3  Optimization constraint trajectoryl . . . . . . . . .. .. 128
13.8.4  Bidirectional power clamp| . . . . . . ... ... ... .. 132

8.9 Conclusions . . . .. .. .. .. . 136
4 _ESD Protection for Narrowband RF CMOS Circuits| 139
M1 Introductionl. . . . . . . .. .. 139
4.2 Dual Diode Methodology| . . . . ... ... ... . ... ... . 145
4.3 Codesign Methodology| . . . . . . . ... ... ... ... ... . 147
4.4 Inductor to Ground Methodology| . . . . . . ... ... ... .. 149
[4.4.1 Back-end of line (BEOL) inductor{ . . . ... ... ... 150
4.4.2 Above-lC inductor] . . . . ... ... ... L. 155
443 VETLPresults . ... ... ... ... ... ....... 158
4.4.4  Overall comparison|. . . . . .. ... ... ... ..... 161

4.5 Scaling Aspects of Inductor to Ground Approach| . . . . . . .. 161
4.5.1 5 GHz LNA 1in 45 nm planar and FinFET CMOS tech- |
nology| . . . . ... L 163

4.5.2 13 GHz LNA in 45 nm planar CMOS technology with |
Above-IC inductorsf. . . . . . ... ... ... 164

4.5.3 60 GHz LNA in 45 nm planar CMOS technology with |
Above-IC inductorsf. . . . . . . ... ... L. 164

[4.5.4 60 GHz PA in 45 nm planar digital CMOS technology| . 166
455 Discussionl. . . . . . .. ..o 172

4.6 Transtormer Based Methodology| . . . . . . ... ... ... .. 173

x1viii



4.7 State-of-the-Art Comparison| . . . ... ... ... ... .... 179

4.8 Conclusions . . . . . . . . . .. Lo 180

[5.2.1  T-diode design methodology{. . . . . .. ... ... ... 184

0.2.2  Symmetric T-diode]. . . . . . ... ..o 188

[5.2.3  Asymmetric T-diode with built-in local ESD protection| 196

24 ESD turn-offcircuitl . . . .. ... ..o 202

5.3  Center Balanced Distributed ESD Methodology|]. . . . . . . .. 205
[.4  State-of-the-Art Comparison| . . . ... ... ... ... .... 213
b5 Conclusions . . . . . . . ... 216

|6 Conclusions, Future Work and Outlook| 217
6.1 Conclusions . . . . . . . . . . 217
6.2 Future Workl . . . ... ... ... 219
6.3 Outlookl . . . . .. .. . .. 221
[Bibliography| 223

xlix






Chapter 1

Introduction

The reliability of the microelectronic devices and circuits is a major factor
that determines both their manufacturability and application lifetime. Design
for reliability should be implemented during technology, device and circuit
development to avoid undesirable product development cycles and costly yield
loss and field failures. The specific reliability problem studied in this PhD is
caused by ElectroStatic Discharge (ESD) events.

1.1 Reliability in Advanced CMOS Technologies

With the continuous downscaling of Complimentary Metal Oxide Semiconduc-
tor (CMOS) technologies, reliability has become a major bottleneck, on the
one hand due to the continuous increase in internal electrical fields and current
densities, and on the other hand due to the introduction of new materials
and device architectures with unknown reliability behavior. When the device
geometries are scaled into the range needed for 65 nm CMOS technologies and
below, the available reliability margins are strongly reduced, in some cases
even down to zero. As a result, the reliability community will be obliged to
look more in detail to what exactly is determining these margins, and how
we can change our reliability assessment methodology to gain new reliability
space for the most advanced technologies.

A big variety of failure mechanisms needs to be investigated, such as hot carrier
degradation, time-dependent dielectric breakdown, negative bias temperature
instability, electromigration, stress voiding, interconnect dielectric instability
and breakdown, and electrostatic discharge. Each of these reliability mecha-
nisms has its own set of issues associated with technology scaling. This PhD
focusses on reliability problems associated with ESD events.
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Figure 1.1: The Burj Dubai is world’s tallest ESD protection structure.

1.2 Electrostatic Discharge in Micro-Electronics

The most famous type of ESD is lightning. In fact, lightning is nothing
else but ESD on a large scale, with voltages up to 10° V and currents up
to 30 kiloamperes. The world’s tallest and most expensive ESD protection
structure is the Burj Dubai skyscraper located in Downtown Dubai, United
Arab Emirates. It has a giant lightning-rod on its top to safely discharge the
lightning events as shown in Fig.

Triboelectric charging of objects results from electron transfer during friction
of two objects. For example, a person can acquire charges by simply walking
across a room. ESD is the transfer of an electrostatic charge which occurs
when two objects of different electrostatic potential are brought close together.

The amount of charge induced depends on various parameters, such as the
position of the relevant materials in the triboelectric series, the relative humidity,
the texture of the material surfaces, speed of separation, area of contact, etc.
When such a charged person or object then approaches a grounded conductor,
for example a pin of a packaged Integrated Circuit (IC), an Electrostatic

2
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Figure 1.2: SEM picture of a grounded gate NMOS stressed in forward diode
mode. A short between source and drain is observed [Thijs 03].

Discharge (ESD) event occurs, characterized by a high current (~A) during
a few ns. An ESD event of amplitude of 3000 V or below (corresponding to
a current level of typically 2 A) will not be detected by humans by sensory
perception. However, such ESD event can cause various types of damage in an
IC, resulting in catastrophic failure.

An example of ESD damage is shown in Fig. [I.2] where silicon melting occured
due to current filamentation. Other ESD failure types are for example contact
spiking and gate oxide breakdown. Gate oxide breakdown is caused by voltage
overshoots which occur when the ESD protection device does not turn on fast
enough. Several examples will be shown throughout this thesis.

ESD problems can be avoided either by prevention, achieved by taking antistatic
measures to avoid buildup of static charges, or by adding adequate on-chip
protection circuits to protect the inner circuits against ESD. The focus of this
PhD is on protection, rather than on prevention.

According to the ESD Association [ESDA], on average ESD destroys about 16
to 22 % of electronic components before they are installed into a system. After
assembly, anywhere from 33 to 70 % of digital devices fail soon after customers
purchase because ESD may only damage a component, enabling it to function
for a brief time before total failure . ESD represents anually a loss of
billions of dollars due to repair, rework, shipping, labor and overhead costs
associated with the damage, which highlights the importance of fundamental
understanding of ESD aspects and design of efficient ESD protection.

The constantly changing technologies and applications make the design of
proper protection very challenging. Two major challenges lie ahead for the
ESD design engineer. Firstly, as CMOS technology keeps scaling down, new
technology options arise and their ESD robustness should be preferably consi-

3
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Figure 1.3: Generic on-chip ESD protection methodology. ESDx are the ESD
protection elements.

dered in the early technology development phase as these technology evolutions
might lead to a ’drastic’ reduction in ESD performance. Secondly, CMOS
technology scaling and development allows for Radio-Frequency (RF) design
in CMOS. These applications have very stringent requirements regarding noise
and impedance matching, which are often considered to be incompatible with
good ESD performance [Vold 06]. This even leads to some RF products without
any ESD protection. When RF applications are processed in these advanced
technologies, the two previous mentioned challenges are even combined.

1.3 Basic Concepts of ESD Protection

To avoid circuit damage during ESD stress, ESD protection elements need to
be placed around the integrated circuit (IC), which can safely remove the ESD
current, similar as the lightning-rod in Fig. The ideal ESD protection
element is basically a switch which is open during normal operation and closed
during ESD. The basic ESD protection elements are covered in section

A generic on-chip ESD protection methodology is shown in Fig. where
ESDX denotes the different ESD protection elements, placed around the IC.
These elements can divert the ESD current either in a single direction, e.g.
a diode, or in both directions, e.g. a grounded-gate NMOS. The latter are
called bi-directional ESD protection elements. By placing adequate ESD
protection elements, a pre-defined current path is created for the ESD current,
hence avoiding core damage. For full chip ESD protection, all pin-to-pin
combinations need to be protected. Therefore, ESD protection is needed on
all inputs, outputs, between power lines and grounds.

4
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Good ESD protection elements should

clamp the ESD voltage to shunt the ESD stress current
turn-on fast enough

carry large currents

have low on-resistance

occupy minimum area at the bond pad

have minimum capacitance

introduce minimum series resistance

be immune to process drifts and process location

be robust for numerous pulses

offer protection for various ESD stress models (HBM, CDM, etc.)
not interfere with IC functional testing.

The ESD design window can be defined as the region in which the ESD
protection elements need to operate, as shown in Fig. On one hand,
the window is limited by the normal operation regime, with which the ESD
protection should not infere. On the other hand, the window is limited by the
IC reliability, caused by gate oxide breakdown, turn-on of parasitics, etc. A
typical snapback device IV characteristic is shown in the ESD design window
in Fig. In such devices, at a certain moment a parasitic device inside will
turn on which allows efficient dissipation of the ESD current. Examples are
shown in section These devices need to turn on at their trigger point
(V't1, It1) before core damage occurs. The holding voltage (V},) denotes the
minimum voltage to maintain the parasitic device action and should be at a
safe level above Vpp to avoid latchup issues. After snapback, the parasitic
device dissipates the ESD current with a certain on-resistance (R,;,) until its
failure point (V'te, Itg) is reached. Ity should be above the minimum required
ESD current level.

1.4 Basic ESD Protection Devices

In this section, the basic ESD protection devices (diode, grounded-gate NMOS
(ggNMOS), Silicon Controlled Rectifier (SCR) and active clamp) are summa-
rized. Several measurement examples are presented further in this thesis.

Diode

Diodes are excellent ESD protection devices when operated under forward bias.
A cross-section is shown in Fig. The anode is formed by the P+ terminal
and the cathode by the N+ terminal. Anode and cathode can be separated by
either STT isolation or by a poly gate, and their difference in ESD performance
will be discussed further in section 2.5.3.11 The diode can be created either in
an nwell or pwell. When placing diodes in series, nwell diodes are required to
avoid shortening of the P+ anodes via the P-substrate resistance.
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Figure 1.5: Cross-section of a diode.

Diodes have a low turn-on voltage around 0.7 V and exhibit a low on-resistance.
They have a high ESD current capability, up to 50 mA /um. Under reverse
bias however, they have a high turn-on voltage and high on-resistance, leading
to a low ESD current capability. Therefore, diodes can only conduct current
efficiently in a single direction, namely in forward bias mode.

Grounded-gate NMOS

The cross-section of a grounded-gate nMOS (ggNMOS) is shown in Fig. In
a ggNMOS, the N+ drain forms the anode, while the source, gate and bulk are
shorted together and form the cathode. Under normal Vpp bias conditions, the
ggNMOS is not conducting as the gate terminal is grounded. However, when
the voltage at the drain rises high enough, avalanche breakdown of the drain to
substrate junction will occur generating electron-hole pairs. As the generated
holes flow to the P+ substrate terminal, the substrate voltage under the source
rises until the substrate source diode gets forward biased. At this moment, the
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Figure 1.6: Cross-section of a grounded-gate NMOS (ggNMOS).

source will start to emit electrons which are collected at the drain. Avalanche
multiplication occurs at the drain side creating a positive feedback mechanism,
which allows the drain voltage to collapse (i.e. snapback). As such, a parasitic
bipolar npn device is triggered which has an ESD current capability of typically
8-14 mA/um. For negative ESD stress, the substrate-drain diode gets forward
biased, making the ggNMOS a bidirectional ESD protection device. Despite
its rather high ESD robustness, the ggNMOS has some important drawbacks.
The parasitic snapback effect is difficult to model and simulate. Its behavior
is also difficult to predict as it depends heavily on the process parameters.
Uniformity problems can occur for large devices. However, even with these
drawbacks, the ggNMOS remains a widely used ESD protection device.

Silicon Controlled Rectifier

The cross-section of a Silicon Controlled Rectifier (SCR) is shown in Fig.
The anode is formed by a P+ region inside an nwell while the cathode is formed
by a N+ region inside a pwell. Typically, the nwell and pwell taps are shorted
to the anode and cathode respectively. Similar to the ggNMOS device, the
ESD operation relies on the triggering of a parasitic element. A pnpn thyristor
element turns on when the SCR latches, allowing ESD current dissipation with
low on-resistance and low holding voltage. The SCR can reach an ESD current
capability comparable to the diodes, up to 50 mA /um. Special care needs
to be taken to reduce the SCR trigger voltage to fit inside the ESD design
window as illustrated in Fig. Techniques to reduce Vt; include the Low
Voltage Triggered SCR (LVTSCR) or the Diode Triggered SCR (DTSCR), as
will be discussed further in section 25311

Active clamp

ESD current can also be dissipated by a transistor in active MOS mode, simply
by making it wide enough as the MOS drive current is proportional to the
transistor width. Since the gate needs to be grounded during normal operation
conditions to avoid excessive leakage currents, a transient ESD detection circuit
is needed which biases the gate during the ESD discharge and keeps it grounded
otherwise. Such trigger circuit often involves the use of an RC-timer circuit.

7
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Figure 1.7: Cross-section of a Silicon Controlled Rectifier (SCR).

The active clamp is much larger than a ggNMOS for the same ESD current
capability due to the lower ESD robustness of the active mode (~2 mA/um)
compared to the bipolar mode (~8-14 mA/um). However, an active clamp
has the benefit that its behavior is easy to predict and simulate and that it
can dissipate the ESD current with a very low voltage drop.

1.5 ESD Challenges for Technology Scaling

To ensure that CMOS scaling remains on track according to Moore’s law,
in the past, different technology options were introduced, such as silicides,
lightly doped drains (LDD), Silicon On Insulator (SOI), etc. These technology
options had an enormous negative impact on the ESD performance, leading to
countermeasures such as ESD specific processing masks, for extra ESD implants
and silicide blocking, and also innovative ESD protection concepts, such as
ESD protection devices below the buried oxide layer in a SOI technology

04].

When CMOS scaling reaches the nano-era, another challenge is present for the
ESD designer. CMOS scaling involves continuous thinning of the gate oxide,
even down to a few nanometers, making the oxide more and more susceptible
towards ESD stress. The oxide breakdown voltage BV, decreases much faster
than the trigger voltage Vt; and holding voltage V} of the grounded-gate
NMOS device when technology scales down as illustrated in Fig. As
such, the ESD design window from Fig. shrinks with each new technology
generation as shown in Fig. [1.9] This means that traditional ESD protection
cannot be used anymore as the sum of all voltage drops along the ESD path
easily exceeds the breakdown voltage of the gate oxide of the core circuit.

For the 65 nm node and below any overshoot due to slow turn-on of the ESD
protection device needs to be carefully monitored, in order not to damage
the core circuit. Nowadays, a lot of research is being done towards finding
new ESD protection devices, optimizing trigger-speed of the ESD protection

8
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Voltage [V]

Gate oxide thickness [nm]

Figure 1.8: Oxide breakdown voltage (BV,,;) and trigger (V1) and holding
voltage (V}) of grounded-gate NMOS as a function of CMOS technology
scaling [Merg 04].
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Figure 1.9: Impact of technology scaling on ESD design window [Duvv 08§].

device and developing new ESD protection methodologies, such as distributed
ESD protection clamps and local clamping without relying on any power
clamp (PC) [Bren 05] [Klev 00] [Amer 02]. To further continue CMOS scaling,
more and more advanced techniques have to be introduced to cope with the
challenges of nanometer-sized devices. Examples of these techniques include
the introduction of high-K materials, metal gates, elevated source and drain,
ultra-shallow junctions and strain engineering. ESD engineers have to follow
this technology development very closely to detect any ESD problems early
and to provide suitable solutions for them.
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[ITRS].

According to the International Technology Roadmap for Semiconductors (ITRS)
2007 [ITRS], gate lengths of a transistor will reach the size of 9 nm in 2016.
Even if lithography and etching techniques can provide these dimensions, bulk
CMOS will run into a number of Short Channel Effects (SCE) associated
with transistor scaling. New devices start to arise, out of which multi-gate
MOSFET devices show promising performance. In fact, parallel paths are
predicted by ITRS to reflect the most likely scenario: some companies will
extend planar bulk CMOS as long as possible, others will switch to Fully
Depleted SOI and/or multiple gate devices earlier. Eventually, the ultimate
MOSFET device will be a multiple gate device and hence its susceptibility
towards ESD stress is studied in the first part of the thesis.

1.6 ESD Challenges for Radio Frequency CMOS

Due to increasing cutoff frequencies, fr, CMOS is rapidly moving up to
frequencies that were once the exclusive domain of the III-Vs, see Fig. [1.10]
This enables RF circuits to be implemented in low cost CMOS and allows
integration of digital and analog functionality within a single CMOS chip. This
new range of applications requires ESD protection with is suitable both for

the technology and the application.

Fig. shows the RF-ESD Figure Of Merit (FOM) as introduced in [PhDLin,
ten| for 2 kV HBM robustness in 90 nm CMOS (black) using traditional
dual diode ESD protection. This FOM is defined as the area in the voltage-
capacitance plane defined by the oxide breakdown voltage BV,, as upper
bound, the gate voltage at the transistor Vs during 2 kV HBM stress using
dual diodes as lower bound, the minimal capacitive load C},;, to achieve 2 kV

10
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Figure 1.11: ESD design window for 2 kV HBM protection in 90 nm CMOS
(black) with dualdiode input ESD protection and diode powerclamp. Scaling
(gray) decreases the Figure Of Merit because of reduced oxide breakdown
voltage and higher enabled RF operating frequencies.

HBM robustness as left bound and finally the maximum capacitive load Ciqs
which can be tolerated by the application as right bound. With scaling of
technology the oxide breakdown voltage decreases, which results in a decrease
in the FOM because of the increased minimum required capacitance Cpypn
(proportional to diode size). Further, technology scaling enables also higher RF
operating frequencies, which pushes the maximum tolerable parasitic capaci-
tance Cjnq down, resulting in a second factor decreasing the RF-ESD FOM
to FOM’. Therefore, the use of the classical dual diodes ESD protection will
become extremely difficult when RF frequency increases.

Two classes of RF circuits exist: narrowband and wideband. In case of
narrowband RF circuits, the circuit is operating in a narrow band around
a certain RF frequency. The added ESD protection should remain invisible
at this frequency only. Contrary, for wideband circuits, the ESD protection
should remain invisible for the full RF band of the circuit, which can easily
occupy a few GHz. Therefore, different RF-ESD techniques are required for
each type and are discussed in the second and third part of the thesis for
narrowband and wideband RF circuits respectivley.

11
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1.7 Objectives of the Thesis

This thesis has two main objectives, namely to investigate the ESD robustness
of the upcoming FinFET technology and to propose ESD solutions which are
compatible with narrow- and wideband RF applications.

Our first main objective is to investigate whether ESD is a potential showstop-
per for the introduction of FinFET technology. This is achieved by analyzing
the ESD capability of basic ESD protection devices implemented in FinFET
technology, such as gated diodes and MOS transistors operating in both positive
and negative polarities. The 3D-nature of FiInFET devices offers an increased
set of geometrical parameters compared to planar transistors. Their impact
on the ESD robustness needs to be evaluated. Further, as different process
options are introduced to improve the overall FinFET performance, also their
impact on the ESD performance of the different devices needs to be qualified.

The second main objective is to provide adequate ESD protection for RF appli-
cations. RF circuits are being implemented more and more in advanced CMOS
technologies and reach ever higher operating frequencies, demanding for new
RF-ESD solutions. The objective is to propose new protection methodologies
for both narrow- and wideband RF circuits meeting these requirements. The
solutions need to be qualified for their RF and ESD impact and need to be
benchmarked against traditional and new innovative solutions. A specific
emphasis on Charged Device Model (CDM) robustness is also required.

1.8 Outline of the Thesis

A summary of the different chapters of this thesis is provided below.
Chapter ESD Characterization and Analysis Techniques

Commonly used ESD characterization and analysis techniques are summarized
in the first part of the chapter. These ESD test methods are extended to give
more information regarding transient device behavior under both Transmission
Line Pulse (TLP) and Human Body Model (HBM) conditions and extracting
of the real holding voltage and current for snapback devices.

Chapter ESD Protection in FinFET Technology

In this chapter, the ESD robustness of the new emerging FinFET technology
is evaluated. A fundamental understanding of the physics of the devices
under ESD stress conditions is the main part of this chapter. To acquire this
understanding, extensive test structures are designed and characterized, while
Technology Computer Aided Design (TCAD) computer simulations are used
for gaining deeper physical insights. Based on this knowledge, a new ESD

12



Outline of the Thesis

protection methodology is developed.
Chapter 4 ESD Protection for Narrowband RF CMOS Circuits

The implementation of adequate on-chip ESD protection for narrowband RF
CMOS applications is addressed in this chapter. This requires addressing both
design and technology limiting challenges. As operation frequencies keep on
increasing, the simple dual-diode ESD protection is not viable anymore as the
parasitic capacitance of the diodes will degrade the impedance matching of
the RF circuit. Therefore, other innovative solutions are needed for adequate
RF-ESD protection. One of the most promising solutions was found to be
inductor-based ESD protection. However, a major concern for RF ESD
protection is the Charged Device Model (CDM) type ESD discharge. Inductors
are known to cause high voltage overshoots during fast rising pulses. When
designing RF circuits in advanced nano-technologies, the challenges are even
more severe. Different RF circuits in both planar and FinFET technologies are
protected against ESD stress and their RF and ESD performance is evaluated.

Chapter ESD Protection for Wideband RF CMOS Circuits

This chapter addresses ESD protection for wideband RF CMOS circuits. Two
innovative RF-ESD alternatives are proposed and both their RF and ESD
performance are evaluated and discussed.

Chapter [6 Conclusions, Future Work and Outlook

The main results obtained from this work are summarized and a brief outlook
is given towards future research.
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Chapter 2

ESD Characterization and
Analysis Techniques

Standard ESD qualification tools yield only pass-fail measurements while
Transmission Line Pulse (TLP) can additionally be used for quasi-static device
analysis. Human Body Model (HBM) testing with voltage and current captu-
ring (HBM-1IV) is the best ESD characterization and analysis tool to obtain
both quasi-static and transient device information under realistic ESD stress
conditions.

2.1 Introduction

ESD testing is divided into two main categories. Component-level ESD testing
is used to determine whether components such as integrated circuits (ICs) will
be able to survive the manufacturing process in ESD-controlled areas. On
the other hand, the purpose of system-level ESD testing is to see whether
systems can survive ESD events occuring in the real world. There exists a grey
area between component- and system-level ESD testing as Original Equipment
Manufacturers (OEM) want to predict system-level ESD robustness based on
component-level capability.

Over the years, several component- and system-level ESD stress models have
appeared, trying to mimic the different ESD discharge types. The most
widely used ESD stress models for component-level ESD qualification are
described in section 2.2} Human Body Model (HBM) [HBM 07], Machine Model
(MM) [MM 99] and Charged Device Model (CDM) [CDM 99]. In section
first the general system-level ESD test as standardized by the International
Electrotechnical Commission (IEC) [IEC 01] is described. Secondly, the recently
proposed model called Human Metal Model (HMM) [Peach 08] is discussed,
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which tries to bridge the gap between system-level and component-level ESD.

Based on these models, ESD measurement equipment has been developed to
qualify the IC for the different types of ESD stress. During such tests, all pin-to-
pin combinations of an IC have to be able to withstand the ESD stress. Since
such models only yield pass-fail results, an engineering tool called Transmission
Line Pulse (TLP) testing has been developed [Malo 85] where the device
response during the ESD discharge could be studied as discussed in section
Later, specific variants of TLP, such as Very Fast TLP (VFTLP) [Gies 98] and
Capacitive Coupled TLP (CCTLP) [Wolf 05] have been designed specifically
to investigate the device reponse under CDM ESD stress conditions.

In section 2.5 we will describe how we have enhanced these ESD characterization
and analysis techniques to give more information regarding transient device
behavior under both TLP and HBM conditions and to allow extraction of the
real holding voltage and current for snapback devices.

This thesis focusses only on on-wafer component ESD stress without further
discussing system-level ESD stress.

2.2 Component-Level ESD Stress Models

In this section, a detailed description is given of the three most important ESD
stress models used today for product qualification: HBM, MM and CDM. These
ESD tests only yield pass-fail results by using Direct Current (DC) leakage
current measurements after each applied ESD pulse as failure criterium.

2.2.1 Human Body Model (HBM)

The Human Body Model (HBM) describes an ESD discharge event, occuring
when a person becomes charged (through motion, walking, etc.) and then
discharges by touching an IC with its finger. This discharge is modeled by
the equivalent circuit shown in Fig. where a 100 pF capacitor Cypas
is discharged through a 1.5 k) discharge resistor Rypas. Note that this
resistance represents the contact resistance of the finger to the IC, and not
the internal resistance of the human body (which is very low, since it consists
up to 60 % of water). First, Cypas is charged using a high voltage source
by closing switch S;. The voltage to which it is charged is referred to as the
HBM precharge voltage Vgpas. Subsequently, switch S; is opened and switch
So closed, such that Cypas discharges through Rypas into the device under
test (DUT). Cy, Ly and Cp are parasitic elements of the tester which further
define the discharge waveform [Verh 93| and are 1.5 pF, 7.5 uH and 40.5 pF
respectively for the HBM tester used: model Hanwa HEDWB5000M. Note that
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Figure 2.2: Measured HBM discharge current for a HBM precharge voltage of
2000 V.

even though the HBM robustness is defined in terms of its precharge voltage,
it is rather a high current event than a high voltage event due to the high
discharge resistor. The current pulse shape is standardized according to the
ESD Association [ESDA] standard test method (STM) 5.1 [HBM 07|, the Joint
Electron Device Engineering Council (JEDEC) standard [HBM 07b] or the
MIL standard [Mil 96]. It rises within 2 ns to 10 ns and decays during 150 ns.
The amplitude of the pulse is defined by the tester pre-charge voltage divided
by the 1.5 k) discharge resistance. For a pre-charge voltage of 1000 V the
corresponding current peak is about 0.66 A. A 2 kV HBM discharge current
pulse is shown in Fig.

The HBM robustness of a device is divided into several classes, see Table [2.1]
Typically, a HBM robustness level of at least Class 2 (>2 kV) is required,
corresponding to a peak current of 1.34 A. However, recently the Industry
Council on ESD Target Levels [InCo 07| has launched a proposal to reduce the
safe level from 2 kV down to 1 kV |[LaPe 07]. The reason is that no obvious
correlation of Electrical Overstress (EOS) and ESD field returns to HBM levels

17



2. ESD CHARACTERIZATION AND ANALYSIS TECHNIQUES

Table 2.1: ESD Component Sensitivity Classification - Human Body Model
(Per ESD STM5.1-1998).

Class Voltage Range
Class 0 <250 V
Class 1A | 250 V to <500 V
Class 1B | 500 V to <1000 V
Class 1C | 1000 V to <2000 V
Class 2 | 2000 V to <4000 V
Class 3A | 4000 V to <8000 V
Class 3B >8000 V

of 500 V - 2 kV has been observed. Further, the costs for maintaining the
2 kV HBM levels increases exponentially for each new production technology
node, see Fig. [Duvv 07]. This cost is determined by an increased silicon
area for ESD, more silicon respins, increasing engineering resources, decreased
circuit performance and larger time-to-market. When reducing the level to
1 kV HBM, the costs are reduced drastically. The Industry Council argues
that nowadays basic factory control of ESD can guarantee maximum HBM
levels of even lower than 500 V. Therefore, we might expect another decrease
of the safe levels in the coming years. JEDEC recently announced the release
of JEP 155 [JEDE 08|, “Recommended ESD Target Levels for HBM /MM
Qualification”, as written by the Industry Council.

One important side remark needs to be made as the acceptance of lowering the
component-level ESD specifications is still under discussion by the Original
Equipment Manufacturers (OEM). They fear that they will run into trouble as
they want to predict system-level ESD robustness based on component-level
capability.

2.2.2 Machine Model (MM)

The Machine Model is very similar to the Human Body Model, but now the
1.5 kS resistor is removed. An equivalent model consists of a 0.75 pH inductor
L; and a resistor R; between 0 and 10 €2, which determines the damping of
the oscillations, Fig. The discharge capacitor Cysps is increased to 200 pF.
This test originates from Japan and it represents a worst case HBM, when a
discharge occurs caused by manufacturing equipment. A typical MM discharge
current waveform into a short, originating from a 200 V precharge, is shown
in Fig. The discharge waveform is specified by the ESDA [MM 99| and
JEDEC [MM 97] standards. The higher capacitance and lower series resistance
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Figure 2.3: The projected cost of ESD requirements as a function of calendar
year and the technology node, comparing current customer requirements versus
lower recommended target and safe level requirements for handling in an ESD
protected area with basic ESD control measures. [Courtesy C. Duvvury]
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Figure 2.4: Equivalent MM discharge schematic.

results in higher current densities occuring at lower precharge levels. Further,
a bipolar current waveform is obtained, Fig. originating from the highly
oscillating waveform, which is caused by the nearly zero discharge resistance.

Similar as for HBM, the MM robustness of a device is divided into several
classes, Table Typically, a MM robustness level of at least Class M3
(>200 V) is required. The Industry Council on ESD Target Levels proposes to
reduce also the safe MM level to 30 V. This MM level should be guaranteed by
passing the new 1 kV HBM specification in both polarities, thereby replacing
MM testing. However, in some cases the pulse reversal has a dramatic influence
on the ESD behavior of the device, such as during dynamic avalanching [Whit
06]. Additional testing according to MM can always be done as a verification
of the expected correlation. Many users still request to continue the MM test

since Japanese users have much more MM test results available than HBM or
CDM.
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Figure 2.5: Measured MM discharge current for a MM precharge voltage of
200 V.

Table 2.2: ESD Component Sensitivity Classification - Machine Model (Per
ESD STM5.2-1999).

Class Voltage Range
Class M1 <100 V
Class M2 | 100 V to <200 V
Class M3 | 200 V to <400 V
Class M4 >400 V

2.2.3 Charged Device Model (CDM)

The most recent ESD stress model is CDM, which causes most of the field-
failures. In this stress model, the package gets charged itself, for example by
sliding through a plastic tube. When one of the pins of the package touches
a conductive surface, all the charges from the package discharge through
this single pin. Contrary to HBM and MM, which have discharges occuring
between two pins, CDM is a single-pin discharge event. An equivalent electrical
schematic reproducing a CDM pulse is shown in Fig. Note that now the
discharge capacitor Copys is part of the DUT itself. R; and L; are 10 2 and
10 nH for example. Repas is the total resistance of the discharge path. A
typical simulated 250 V CDM discharge current is shown in Fig. This
peak current heavily depends on the type of package being used as it is
proportional to the package capacitance. Different packages will yield different
CDM discharge currents. CDM current is characterized by a fast rise time
(less than 500 ps), high peak currents and a short pulse duration (a few ns)
as defined by the ESDA [CDM 99] or JEDEC |[CDM 08] standard. Currently,
the Industry Council is reviewing the CDM standard. The different CDM
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Figure 2.7: Simulated CDM discharge current for a CDM precharge voltage of
250 V.

classification levels are shown in Table where a good ESD protection would
have at least Class C3 (>250 V). In Fig. an overlay is shown between the
recommended HBM, MM and CDM discharge currents from Fig. Fig.
and Fig. respectively.

2.3 System-Level ESD Stress Models

In this section, a brief description is given of the general system-level ESD test
IEC 61000-4-2 and the recently developed HMM, which can be considered as
system-level ESD testing on components.
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Table 2.3: ESD Component Sensitivity Classification - Charged Device Model
(Per ESD STM5.3.1-1999).

Class Voltage Range
Class C1 <125V
Class C2 | 125V to <250 V
Class C3 | 250 V to <500 V
Class C4 | 500 V to <1000 V
Class C5 | 1000 V to <1500 V
Class C6 | 1500 V to <2000 V
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Figure 2.8: Comparison of typical HBM, MM and CDM discharge currents.

2.3.1 IEC 61000-4-2

Electronic equipment may suffer from electromagnetic energies whenever dis-
charges occur from persons to nearby objects. The increased use of micro-
electronic components requires a clear definition of this problem and to seek
a solution in order to enhance system reliability. Therefore, a standard tes-
ting procedure is needed to qualify equipment for their immunity against
such system-level ESD stress. Typically, an ESD discharge gun, capable of
generating such ESD waveforms, is used for system-level ESD testing. The
requirements of ESD guns are standardized in [IEC 01], together with the
test setup and test procedures. An example of a system-level ESD test being
performed is shown in Fig. where an ESD gun is discharged directly into
a system. Different specifications exist regarding required minimum damage
levels but also required minimum disturbance levels when the system is powered

up.
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Figure 2.9: IEC 61000-4-2 testing being performed. [Courtesy of DLSEMC]

2.3.2 Human Metal Model (HMM)

Since correlation studies between component-level and system-level
ESD stress, using various standard ESD testing methods, yield very little or
no correlation, there is a need to try to predict the ESD performance under
system-level stress conditions already at component-level. Recently, the ESDA
has proposed a new measurement method, called Human Metal Model (HMM),
which simulates the case when a person is touching a pin of a grounded electrical
component using a metal tool . This component-level test uses the
same stress waveform on the system-level standard IEC 61000-4-2, [IEC 01],
which was described in section 2.3.7]

A typical 1 kV HMM discharge current is shown in Fig.[2.10] The current shape
is charaterized by an initial fast peak current of 3.75 A/kV amplitude, followed
by an HBM-like pulse, which is defined by 2 A/kV at 30 ns and 1 A/kV at
60 ns. Applying such system-level ESD pulse shapes already at component- of
even at wafer-level can give valuable insights and ideally become the basis for
a deeper study of the correlation between system- and component-level ESD
test methods.

The first results indicate a large dependency of the correlation factor between
the HBM and HMM precharge voltages, on the type of protection device being
considered. This is illustrated in Fig. 2.11] for a 90 nm CMOS diode, a 90 nm
CMOS Low Voltage Triggered Silicon Controlled Rectifier (LVTSCR) and a
50 V Bipolar CMOS DMOS (BCD) High Voltage (HV) clamp respectively.
Further analysis lies beyond the scope of this thesis. More results can be found

in [Scho 08b].
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Figure 2.10: Simulated 1 kV HMM discharge current.

2.4 Transmission Line Pulse Measurements (TLP)

Since the previous ESD stress models yield only pass-fail results, an engineering
tool called Transmission Line Pulse (TLP) measurements has been developed,
which gives information on how the device reacts during component level ESD
stress. TLP was first introduced by Intel in 85 [Malo 85]. Until recently, the
TLP test method was considered the only non-destructive technique to study
the internal ESD behavior in integrated circuits, however we will demonstrate
another technique called HBM-IV in section [2.5.3]

If one would try to measure a device with DC up to ESD current levels,
which are in the order of Amps, the device would fail early due to self-heating
caused by the high instantaneous power dissipation. Therefore, very short
rectangular pulses are created, using transmission lines, with a pulse duration
in the same order as the ESD-timeframe. This prevents self-heating and
allows device qualification in the ESD time-, voltage- and current-domain.
TLP is not designed to give accurate measurement results in the low-current
region (below a few mA), where DC remains preferred. Recently, the ESD
Association published the release of the ESD Associations Transmission Line
Pulse (TLP) ESD Standard Practice document, [TLP 02] and a Standard Test
Method, [TLP 07].

It should not be forgotten that TLP remains an engineering tool which tries to
reproduce the failure mechanism under HBM stress. Such a rectangular pulse
is artificial and does not occur under real operating conditions. In fact some
people even proposed to replace HBM with TLP as qualification tool to get rid
of any HBM-TLP miscorrelation issues... which fortunately did not happen...
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factor of 3.7 is found for a 90 nm CMOS diode (top), 5 for a 90 nm CMOS
LVTSCR (middle) and 1.5 for a 50 V. BCD HV clamp (bottom) respectively.
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2.4.1 Standard 100 ns TLP

Standard TLP has a typical pulse duration of 100 ns and a rise time between
2 and 10 ns. The 100 ns pulse duration was chosen, such that similar TLP
and HBM current levels have roughly the same energy content.

A principal schematic of a Time-Domain Reflectometry (TDR) TLP tester is
shown in Fig. Also TLP systems based on Time-Domain Transmission
(TDT) exist [Hyat 00]. In case of TDR, a high voltage source charges up a
transmission line of 10 m length, which translates into a pulse width of 100 ns.
When switch S; closes, the transmission line is discharged. A pulse travels
to the DUT via a second shorter transmission line. This pulse is called the
incident pulse. When it arrives at the DUT, a reflected pulse is generated based
on the impedance of the DUT. The voltage and current of both the incident
and reflected pulse are captured, and they are partly overlapping. An example
of corresponding voltage and current measurements is shown in Fig. for a
Diode Triggered Silicon Controlled Rectifier (DTSCR) ESD protection device.
This device is further explained in Section [2.5.3] Both voltage and current
pulses are captured right after triggering. First, the incident pulse is captured,
starting at 20 ns. At around 32 ns, the reflected pulse arrives at the voltage and
current probes. Since initially, the SCR device is in an off-state, the reflected
voltage pulse has the same polarity and almost same amplitude as the incident
pulse. Both voltage pulses are added. When the trigger voltage is reached, at
around 35 ns, the device turns on, leading to a voltage snapback and current
increase. An average is taken from both the voltage and current waveforms
in their quasi-static part, typically between 70 % and 90 % of their pulse
width. This quasi-static voltage-current point is then plotted in a TLP-IV
graph. The transient information indicating device turn-on, see Fig. [2.13] is
ignored. However, we can make use of this valuable information as explained
in section

A full TLP test consists of applying such TLP pulses for increasing voltage
levels of the HV source, yielding each time a voltage-current point, which
is plotted in the TLP-IV graph. After each stress pulse, a leakage current
measurement is performed to see whether any change has occured comparing
to the initial leakage current of the DUT before the TLP test, which would
indicate device failure. This leakage current is typically plotted versus the
TLP current in the same TLP-IV graph on a double X-axis on top. Fig. [2.14]
shows such a TLP-IV graph for the Diode Triggered Silicon Controlled Rectifier
(DTSCR) ESD protection device. The typical quasi-static TLP parameters for
ESD snapback devices, such as the SCR, are also shown in Fig. trigger
voltage V't1, holding voltage V},, failure voltage Vity and second (thermal)
breakdown current Ito. In this thesis, Ity is defined as the TLP current level at
which any change in leakage current is measured, whereas some people prefer
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Figure 2.12: Electrical schematic of TDR-TLP measurement setup.
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Figure 2.13: Transient voltage (left) and current (right) waveform of a SCR
device, right after triggering.

to use a 10 % leakage change or an absolute threshold of e.g. 1 pA. For this
example, an unexpected decrease in leakage current is noticed at a current
level of 2 A. This decrease could either be caused by SCR or trigger path
degradation. Futher investigation would be required to determine whether this
leakage decrease is catastrophic. This could be done by performing multiple
TLP stress pulses at a current level of about 2.2 A and to check for further
leakage changes. However, we define this 2 A current level as the failure level
Its, representing a worst case scenario. Other people might choose Its to be
2.3 A, depending on their failure criterium.

2.4.2 Very Fast TLP (VFTLP)

Very Fast TLP (VFTLP) was first introduced by Gieser [Gies 98]. VFTLP has
pulse widths of 1-5 ns and a rise time of typically 200 ps. As such, VFTLP
has similar characteristics as CDM and hence correlates better to CDM than
standard TLP. However, no one-to-one correlation exists, since VFTLP is a
unipolar two-pin test and CDM a bipolar single pin event as described in
section Also CDM is package dependent, whereas VFTLP is mainly
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Figure 2.14: Example TLP-IV curve of a DTSCR device.

used on-wafer. Still, VFTLP can be useful for transient device analysis and
modelling in the CDM time-domain. A rough correlation exists between
VEFTLP and CDM according to [CDM 08|, which is about 90 V/A for small
packages and 45 V/A for large packages based on the CDM peak current
values.

VFTLP-testers can be equipped with high-quality RF needles to minimize
system parasitics. However, we prefer the use of common probe needles with
a very short ground return loop. T